Quantum-chemical investigation on the conformation analysis and electronic properties of phytochromobilins (PCBs), an open chain tetrapyrrole chromophore of phytochrome are performed. The PCB chromophore have two stable forms, which occur photoisomerization by visible light absorption. Structures for two stable forms, Pr and Pfr isomers were fully optimized by using semiempirical AM1, PM3 methods, ab initio HF/3-21G(d), and B3LYP/6-31G(d) methods. The potential energy curves with respect to the change of single torsion angle are obtained by using semiempirical methods, ab initio HF, and DFT calculations. It is shown that the conformations of the isomers are compromised between the steric repulsion interaction and the degree of the conjugation. Electronic properties of the molecules were obtained by applying the optimized structures and geometries to the Zindo/S method. Absorption wavelengths are predicted by Zindo/S analysis. The wavelengths which are calculated from optimized geometries by HF/3-21G(d) and B3LYP/6-31G(d) is reported. The absorption wavelength on the optimized geometries by B3LYP/6-31G(d) is much longer than that by HF/ 3-21G(d) level. The absorption wavelengths of Pfr form are longer than that of corresponding Pr form in the same torsion angle because of conjugation length difference. The absorption wavelengths of isomers with perpendicular linkage are shorter than those of planar linkage.
Introduction
It is well-known that phytochrome is biliprotein photoreceptors of plants, fungi, and bacteria. Phytochromes allow these organisms to respond to environmental light conditions. [1] [2] [3] Organisms can use light in two ways. The one is to use its energy to keep its cells functioning, the other is to use to transduce optical signals into some kind of biological response. Like rhodopsin in vertebrates, phytochrome in higher plants converts long wavelength light energy into cellular singnals inducing photomorphogenesis. The molecular basis of phytochrome action depends on the ability to convert between the stable isomers, the red light absorbing conformer, Pr, and the far-red light absorbing conformer of phytochrome Pfr. This physiological function is mediated via a light induced conversion of the parent state Pr form into the physiologically active state Pfr. [4] [5] [6] [7] The primary reaction of the conversion consists of photoisomerization of the chromophore, which is followed by a series of thermally driven conformational changes of protein and chromophore.
Even for the stable states, Pr and Pfr, the structure determination by X-ray crystallography and NMR spectroscopy is not possible due to the lake of crystals or due to protein size. [8] [9] [10] Other spectroscopic techniques have been employed to investigate the structure and conformation of the chromophore. One of the techniques is resonance Raman (RR) spectroscopy, which can characterize the vibrational band pattern of the chromophore. 15, 16 Some studies are showed that RR spectra have been obtained from the stable states, Pr and Pfr as well as from several intermediates formed during the reaction cycle. 2 After the assembly of the apoprotein with the chromophore, phytochrome exists in a red light absorbing conformation (Pr). The absorption maximum of Pr form shows a peak around 660 nm.
1,2, 6 The chromophore, phytochromobilin (PCB) is covalently bound (formation of thioether bound a cystine residue) to the apoprotein. PCB is a open chain tetrapyrrolic chromophore (Fig. 1) . Photoconversion is associated with very rapid isomerization around the C15-C16 double bond followed by a series of slower conformatonal changes in the dark. PCB is changes its conformation via a Z → E isomerization, which brings protein into a different conformation, the far-red light absorbing form (Pfr). The absorption maximum of Pfr form shows a peak around 730 nm (Fig. 2. ). 3, 6 Conformational studies of the chromophore have been performed by using ab initio and semiempirical studies of oligopyrrolic compounds and tetrapyrrole backbone. [11] [12] [13] [14] The oligopyrrolic compounds like pyrromethene and pyrromethenone are important as a source of information about structure and electronic properties of the chromophore. The methenone molecule is adapted for model of non-hydrogen bonded part of the chromophore and the dipyrrolic pyrromethene is utilized as a model of hydrogen bond part of the chromophore. It was reported that AM1 and the ab initio and (HF/6-31G(d) and MP2/6-31G(d)) methods are reliable results for conformational analysis.
11,13 DHB (2,3-dihydrobilin-119(21H, 24H)-dione) was studied as a model of the fully conjugated linear open chain tetrapyrroles. The geometries and energies of conformers were investigated with AM1 and HF/3-21G(d) level and the results of the two methods was indicated that the geometries were investigated with a central syn-cis configuration are preferred to other conformations around the central methenine bridge. 8, [14] [15] [16] Conformation analysis in various metal-organic complex or oligomers in macromolecule are performed using ab initio calculation. 20, 31, 32 In this paper, PCB was chosen to investigate the effect of the conformations and electronic properties for conformational isomers, Pr, and Pfr, which are chromophore of phytochrome. The molecular structure, conformational energies for the isomers formed by the rotation around the single bond between C and D ring. were calculated. To discuss the effect of the single bond rotation we will obtain the potential energy curves and first transition wavelengths for two stable conformers, Pr and Pfr of PCB. It was observed that the potential energy curves of PCBs calculated by AM1 method are qualitatively similar to those found out by the ab initio calculations. [17] [18] [19] [20] To obtain reliable information about conformation, we will report on a conformational analysis of PCB using HF/3-21G(d) and B3LYP/6-31G(d) ab initio calculations. We selected the HF/3-21G(d) ab initio method because of limitation of relatively large size of the molecules and the cost of calculations. To estimate the absorption maxima of UV spectra with respect to conformational change, the Zindo/S semiempirical method was employed. The first electronic transition energies were calculated from the Zindo/S method using the optimized geometry obtained at each computational level.
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Methods and Computational Details
The chromophore of phytochrome protein is covalently bounded to protein via a thioether linkage between a cystine residue and A-ring of the open chain tetrapyrrolic chromophore. To investigate the structure and electronic properties of the chromophore, the molecule which thioether group of cysteine reside is capped into thiomethyl group are adopted as model of the open chain tetrapyrrolic chromophore (Fig.  1) . [25] [26] [27] To obtain the optimized structures of PCBs, semiempirical AM1, PM3 methods, ab initio HF calculation with 3-21G(d) basis set, and DFT calculation with B3LYP/6-31G(d) are employed. 23 Structures of Pr, and Pfr isomers of PCB were fully optimized by starting from initial structures of various torsion angles, respectively. One of the input structures were planar between A, B, C, and D pyrrole rings (ψ 1 = ψ 2 = ψ 3 ). The parameters of the optimized structures were summarized in Table 1 . To investigate the stable conformational structures for the isomers, ab initio calculations were carried out in the Gaussian 03 package. 23 To display the potential energy curves for a variety of PCBs, the torsional angles (ψ 1 , ψ 2 , and ψ 3 ) between the pyrrole groups and the vinyl unit were fixed at optimized torsion angles. The torsion angle, ψ 3 between the pyrrole rings and the vinyl unit varies by 10 degree as shown in Figure 1 and the torsion angle was fixed while the reminder of geometrical parameters of the isomer were fully optimized. The potential energy curves according to torsion angle. ψ 3 are obtained by by using semiempirical methods, ab initio HF, and DFT calculations. 13 Electronic properties of the isomers are obtained by applying the optimized structures and the selected geometries (maxima or minima) of potential curves to the Zindo/S method. [21] [22] [23] The Zindo/S method including configuration integral as employed in the Gaussian 03 package was used to calculate the singlet-singlet electronic transition energies of the optimized conformers. To investigate the change of UV spectroscopic transitions with respect to the torsion angle, the optimized structures were selected. By using the results, the dependency of conjugation for the energy gaps is analyzed. The Zindo/S method has been shown to yield reliable electronic structures for a wide variety of conjugated polymers, including those with PPV derivatives. The pyrrole rings A is perpendicular to the pyrrole ring B, the pyrrole ring C is planar with respect to the pyrrole ring B, the pyrrole ring D is twisted to the pyrrole ring C. For Pr and Pfr isomers, the single bond lengths in conjugated backbone for ab initio HF calculation are longer than that for AM1 calculation. However, the double bond length of the group in ab initio calculation is shorter than the length from AM1 result. Finally, in ab initio calculation the bond alternations are 0.151-0.160 Å and in the case of AM1 result the alternations are 0.108-0.113 Å. The differences for the bond alternation with respect to calculation methods affect in the obtained optical properties for Pr and Pfr isomers. The effect of the bond alternation in optical properties will be discussed later.
Conformational Analysis of Pr and Pfr Isomer. Recently, conformational analysis of organic molecules as the model for PCBs have been carried out from ab initio calculations a Torsion angles: ψ1 = ∠C4-C5-C6-N2; ψ2 = ∠C9-C10-C11-N3; ψ3 = ∠N3-C14-C15-C16; ψ4 = ∠C14-C15-C16-N4. Table 2 .
In optimized structures, the torsion angles between pyrrole ring (B) and vinylene group adjoining pyrrole ring (A) are around o and −12.0 o by using 3-21G(d) basis set, respectively. For Pfr and Pr isomers, syn conformers are more favorable than the anti conformers. Syn conformers can not exist due to steric hinderance between methyl group in C pyrrole ring and N-H group in D ring. 11, 13, 29 However conformers can be experienced steric hinderance between methyl group in C pyrrole ring and methyl group in D ring. The energy difference between syn conformers and twisted conformers is small. In partial, the energy for syn conformers of Pr isomer almost equal to twisted conformer. The HF/3-21G(d) results give that the barrier between syn conformer and twisted conformer in Pfr and Pr isomers are 3.77 and 0.98 kcal/mol, respectively.
For the conformation analysis of the Pfr and Pr isomers, the twisted conformers are more stable than the coplanar structure because of the steric repulsion. The potential energy curves of Pr are displayed in Figure 2 . It is clear that the HF/3-21G(d) result gives higher rotational energy barrier than AM1 and PM3 results. However, the potential energy surfaces obtained from semiempirical PM3 method is not considerably realistic.
14,15 The rotational energy barrier from B3LYP/6-31G(d) result is higher than HF/3-21G(d) result.
The minimum were coplanar conformation where we expect some steric hinderance, even though the potential maximum is similar to that of the AM1 method. The potential energy curves for Pr isomer are very similar with respect to each calculation method.
Ab initio calculations performed at the HF/3-21G(d) level show that the most stable conformations of Pr isomer corresponds to twist structures with torsion angles around −12.0 o as shown in Figure 2 . From the result for HF method the twisted conformers of Pr isomer are found to be more stable than the anti conformation by 11.68 and stable than the syn conformation by 1.00 kcal/mol, respectively, as shown in Table 2 . The perpendicular conformer is higher barrier than twist conformer by 8.72 kcal/mol. In the case of B3LYP/6-31G(d), the twisted conformers of Pr isomer are found to be more stable than the anti conformation by 7.23, and stable than the syn conformation by 0.43 kcal/mol, respectively, The perpendicular conformer is higher barrier than twist conformer by 7.48 kcal/mol. Two factors are involved in the description for the molecular conformation of the Pr isomer. The steric hinderance between the hydrogen of pyrrole group and that of vinyl group, which favors twisted conformations and the π-electron conjugation along the molecular frame, which favors the planarity of the molecule. The equilibrium structures of Pr isomer can be considered as a compromise between these two factors. However the energy barrier between the twisted conformer and planar conformer is so small. 11, 13, 14 The potential energy curve of Pfr are displayed in Figure  3 . At the HF/3-21(d) level the most stable conformations of Pfr isomer corresponds to twist structures with torsion angles around −43.7 o as shown in Figure 3 . From the result for HF method the twisted conformers of Pfr isomer are found to be more stable than the anti conformation by 10.90, and stable than the syn conformation by 1.22 kcal/mol, respectively, as shown in Table 2 . The perpendicular conformer is higher barrier than twist conformer by 3.77 kcal/ mol. In the case of B3LYP/6-31G(d), the twisted conformers of Pr isomer are found to be more stable than the anti conformation by 6.56, and stable than the syn conformation by 1.45 kcal/mol, respectively, The perpendicular conformer is higher barrier than twist conformer by 4.56 kcal/mol.
The twisted conformers of Pfr and Pr isomers in ab initio HF/3-21G(d) calculation are found to be far more stable than the perpendicular structure by 1. 22, 8 .72 kcal/mol, respectively, The rotational energy barriers between the twisted and the perpendicular conformer are much higher than those between twisted and planar conformer. The perpendicular conformers are unfavorable energetically because π-electron conjugation in the molecular frame is interrupted. The barriers from AM1 calculation show considerably smaller than the results by ab initio calculations. According to the conformation analysis of Pfr, the syn conformer which Cring is perpendicular to D-ring are more stable than the coplanar or twist structure because of the steric repulsion of substituents. As shown in the conformational analysis of Pfr, the HF/3-21G(d), B3LYP/6-31G(d), and AM1 methods give similar potential energy surfaces each other.
Electronic Properties of Pr and Pfr Isomer. The first electronic transition energies were calculated from Zindo/S semiempirical method using the optimized geometry obtained at each calculation levels. For Pr and Pfr isomers, the transition wavelengths in optimized geometries are displayed in Figure 4 . The transition energies are absolutely depend on the torsion angle between C and D-ring rings. The predicted λ max values for optimized Pfr structures are more red shifted than that for the corresponding Pr isomer at each torsion angle. The red shift calculated is attributed to the conjugation length of pyrrolic chain and steric hinderance of substituents.
The electronic transition energies from Zindo/S calculation strongly depend on the optimized geometric parameters in the calculations for the same torsional angle. In fact, transition energies for optimized structures from semiempirical AM1 and PM3 methods are smaller than those for geometries optimized at ab initio calculation. Each geometrical parameter may influence the transition energies obtained by Zindo/S calculation. 22, 23 For methoxy-substituted bithiophene system, DiCesare et al. reported that the structure calculated from ab initio method gives the methoxy groups as twisted relatively to the molecular frame, whereas in the structure from semiempirical methods methoxy groups placed in coplanar with the rest of the molecule. 28 However, the transition energies for Pr isomer are displayed the same tendency as Pfr isomer in our calculation. To find another geometrical factor for the transition energy, we have investigated the effect of the bond alternation of vinylene linker group for each calculation. It was mentioned in equilibrium geometries that the bond alternation of the structure optimized at the HF/3-21G(d) method gives larger than that of the structure from semiempirical methods. It is indicated that the result of AM1 calculation give more conjugate geometry than ab initio calculation. For each calculation method used to obtain optimized geometries, the absorption wavelength is considerably different. However, the wavelength decreases as the molecule becomes more twisted. This tendency is well known and is due to decrease in the overlap between p z orbitals of carbon atoms in the phenyl ring and vinyl group as the torsional angle increase. This induces to a reduction in the electronic conjugation length and an increase in the electronic transition energy, Table 3 . The absorption wavelengths are calculated at optimized geometry from HF/3-21G(d) and B3LYP/6-31G(d) level. The wavelengths from B3LYP/6-31G(d) geometries are larger than the values from HF/3-21G(d). However, it is shown that electronic properties of the isomers strongly depend on the planarity of pyrrole groups and vinylene groups.
The planarity between vinylene and phenyl group is affected to produce the changes in electronic properties. 4, 6, 7 HOMO-LUMO gaps are small by increasing the planarity. At a torsion angle of 90 o , the energy gaps of the conjugated systems increase to maximum due to the reduced π overlap between the phenyl ring and the vinylene unit. Since the interaction between the phenyl rings and the vinylene unit is antibonding in HOMO and bonding in the LUMO, the reduction of π overlap stabilizes the HOMO level, but destabilizes the LUMO level. The degree of the stabilization of the HOMO energy level is smaller in energy than the destabilization of the LUMO energy level. 6, 7 For Pr and Pfr isomers the wavelength, λ max values according to change of conformations are predicted as shown in as shown in Figure 4 . In summary, the potential energy curves in Pr and Pfr isomers are different shapes each other in building block of PCB molecule, including the vinyl groups and pyrrole groups. However, the curves for each isomer in according to calculation method are similar shape. It is shown that the steric repulsion interactions between pyrrole ring and vinyl group are subjected to similar type. For the fully conjugate molecules, λ max values according to change of conformations will changes because of the steric repulsion interaction and the difference of π-conjugation.
Conclusion
Structures of Pr and Pfr isomers of PCB chromophore of phytochrome were optimized and conformational analysis for the isomers are performed in semiemprirical and ab initio method. As shown in Figure 2 This fact results from the compromise between two factors, a repulsion interaction and a π-conjugation effect.
The repulsion interaction is mainly attributed to the short distances between hydrogen atoms on the pyrrole and the vinylene unit for PCB. However, in the case of Pfr isomer, there are repulsion not only between methyl group in C-ring and methyl group in D-ring, but also between hydrogen atoms on the C-pyrrole ring and methyl group in D-ring. In the planar conformer of Pfr isomer, the distances are too short compared to the sum of the van der Waals radii. The π-conjugation effect results from the fact that the large overlap between the π orbitals of C atoms linking between the pyrrole and the vinylene units gives stable conformation. For Pr isomer, there can not be repulsion between methyl group in C-ring and methyl group in D-ring, and between hydrogen atoms on the C-pyrrole ring and methyl group in D-ring.
In the planar conformer of Pr isomer, it is stabilized by π-conjugation effect. Although the small rotation barrier are experienced in Pr isomer, the perpendicular conformer of Pr isomer is more stable than Pfr isomer. The electronic transition energies from Zindo/S calculation strongly depend on the optimized geometric parameters in the calculations for the same torsional angle. In fact, transition energies for optimized structures from semiempirical AM1 and PM3 methods are smaller than those for optimized geometries from ab initio HF and DFT calculation. Although the predicted UV absorption wavelengths are not quantitatively equal to experimental data, the results are similar qualitatively. It should be considered that solvent effect and The transition wavelengths at angles given in Table 2 .
b
The transition wavelengths at angle, ψ3 = 90 o . the interactions between chromophore and phytochrome protein residues in order to explain the exact result.
